1. Introduction {#s0005}
===============

In drug delivery applications, amphiphilic block copolymers are used extensively owing their inherent self-assembly behaviour into diverse nanostructures, such as micelles ([@b0070], [@b0150]). The term "micelles" defines the aggregation of amphiphilic molecule in core-shell structure, above their critical micelle concentrations (CMC) when dispersed in solvent usually water ([@b0020], [@b0120]) ([Fig. 1](#f0005){ref-type="fig"}). The CMC is defined as the concentration of amphiphilic molecules in solvent, above which they start forming micelles ([@b0015]). Amphiphilic block copolymers with poly(ethylene glycol) (PEG) as hydrophilic block such as PEG-b-poly(lactic acid) (PEG-b-PLA), PEG-b-poly(caprolactone) (PEG-b-PCL), PEG-b-poly(aspartic acid) (PEG-b-PA) etc., have been extensively studied as drug delivery carriers. The hydrophobic block in such copolymers can be chosen based on the required application; however, those derived from renewable resources have gained utmost interest, because of their environment friendly nature, abundant availability and in most cases biocompatibility, biodegradability and non-toxicity ([@b0255]). Additionally, polymers from renewable resources fitting in the concept of "acting responsibly to meet the needs of the present without compromising the ability of future generations to meet their own needs" ([@b0230]). Therefore, several renewable feedstocks from either plant or animal sources have been discovered, to synthesize polymers with tunable properties.Fig. 1Pictorial presentation of self-assembly of an amphiphilic block copolymer into micelles when dispersed in water.

Micellar formulations have already shown their presence in the market. Genexol PM® (micelles of PEG-b-PLA) have been approved in South Korea for the treatment of breast cancer ([@b0245]) whereas NC 6004 (micelles of PEG-b-PAA) and NK 911, NK10 (micelles of PEG-b-PA) are in clinical trials ([@b0240]). Genexol PM, though, have been fabricated using renewable polymer (PLA), but is expensive and has certain limitations. A few reports suggested that the drug loading achieved using PLA block polymer or their copolymers are usually low owing to its lower hydrophobicity. Therefore, more hydrophobic derivatives of lactide have been prepared ([@b0215], [@b0220], [@b0250]); however, the synthesis procedure appears to be tedious and expensive. Moreover, in PLA-derived drug delivery materials, the production of excessive acid from PLA degradation can cause deleterious effects on loaded acid-sensitive drugs, thus limits its application ([@b0105], [@b0165]). Therefore, the quest for new polymers from renewable resources continues, which could serve as a alternative for such existing polymers.

Recently, we have reported the synthesis of amphiphilic block copolymers derived from an economical and renewable monomer i.e. δ-decalactone ([@b0030]). Studies performed on the poly(δ-decalactone) (PDL) derived copolymers suggested that they have remarkable potential to act as a drug delivery carrier. Therefore, in the present study, we have compared the drug delivery capability of micelles of PDL with non-renewable PCL block copolymer using curcumin as a model drug. Micelles of block copolymers were fabricated using a revised nano-precipitation method ([@b9005]) as this offers advantages over the other methods. PCL block copolymer have been investigated earlier for the improved delivery of curcumin and therefore, chosen here for a comparative study. It has been demonstrated that mixed micelles prepared from two or more different block copolymers were capable to enhance the formulation stability and drug loading efficiency compared to the micelles prepared from single block copolymer ([@b0010]). Therefore, mixed micelle formulation using mPEG-b-PDL and mPEG-b-PCL copolymer has been also fabricated to study the effect on curcumin loading content and release pattern. Another important parameter, which needs to be addressed for polymers in drug delivery, is toxicity ([@b0075]). Hence, an *ex vivo* haemolysis study was conducted to measure haemocompatibility of mPEG-b-PDL polymers. Further, micelles were also tested on rats for *in vivo* sub-chronic toxicity.

2. Materials and Methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Curcumin (≥99.5%), triton X-100 (BioXtra), haematoxylin and eosin solution have been purchased from Sigma-Aldrich and used as received. Previously synthesised block copolymers of PDL and PCL have been used in all studies ([@b0030]) ([Scheme 1](#f0065){ref-type="fig"}). All the solvents used were purchased from Fischer Scientific UK.Scheme 1Synthesis scheme of block copolymers used in this study ([@b0030]).

2.2. Methods {#s0020}
------------

### 2.2.1. Micelles preparation from PDL and PCL block copolymers {#s0025}

Curcumin loaded micelles of block copolymers were prepared by a single-step nano-precipitation method with minor modifications ([@b0090]). Briefly, curcumin (2 mg) was dissolved along with the polymer (50 mg) in acetone (5 mL) and added drop wise into Milli-Q water (10 mL) under stirring (1000 rpm). The solution was then stirred for 3 h at room temperature and left overnight (open vial) to ensure the complete removal of acetone. Curcumin is light sensitive and hence the whole process was performed in the dark . Empty micelles were prepared using same procedure without curcumin. Mixed micelles of mPEG-b-PDL and mPEG-b-PCL were fabricated by physical mixing ([@b0025]) of both copolymer (25 mg each) in acetone (5 mL) and the method described above was employed to obtain curcumin-loaded mixed micelles.

Curcumin loaded micelles were purified by passing through PD10 Desalting Column (Sephadex G-25 Medium, GE Healthcare Life Sciences). In this procedure, materials of \<5 K molecular weight were retained giving the sample (eluent) free from any unencapsulated drug. Separately, the crude micellar solution was also purified by filtration using a membrane syringe filter (pore size: 220 nm) (Millex-LG, Millipore Co., USA) to determine the efficiency of individual purification method. A part of the micellar solution was freeze dried for the determination of drug content.

### 2.2.2. Characterisation of micelles for size, zeta potential and surface morphology {#s0030}

For the size and polydispersity index measurements, micelle samples (50 µg/mL) in Milli-Q water were analysed on a Malvern NanoZS instrument. Surface zeta potential was measured from same instrument in HEPES 10 mM buffer (pH-7.4). TEM images were taken to confirm the size and to determine the surface morphology. Samples were imaged on TEM grids without staining. All the measurements were performed on three different batches and the mean values were reported.

### 2.2.3. Curcumin content, stability and *in vitro* release behaviour from micelles {#s0035}

Drug Content (DC) and Encapsulation Efficiency (EE) of curcumin in micelles were determined by dissolving the known amount of freeze dried samples of micelles in acetone followed by quantification of the drug concentration using fluorescence spectroscopy (Varian) after appropriate dilutions. For analysis, samples were excited at a fixed wavelength (λ~ex~ = 420 nm) and spectra were recorded in a range of 450--600 nm ([Fig. 2](#f0010){ref-type="fig"}) ([@b0135]). The excitation and emission slit widths were selected at 5 nm and selected emission intensity was 524 nm. Amount of curcumin present in sample was than calculated using curcumin standard calibration curve prepared in acetone. All studies were performed in triplicate and DC and EE was calculated using the formula below:$$\text{DC}\mspace{6mu}\text{wt}\% = \frac{\text{Weight\ of\ loaded\ drug}}{\text{Weight\ of\ polymer\ used}} \times 100$$$$\text{EE}\% = \frac{\text{Weight\ of\ loaded\ drug}}{\text{Weight\ of\ drug\ in\ feed}} \times 100$$Fig. 2Fluorescence emission spectra of curcumin at different concentration in acetone (λ~ex~ −420 nm). The fluorescence emission of curcumin solution (in acetone) was measured at wavelength of 524 nm.

The ability of mPEG-b-PDL micelles to protect the curcumin from degradation at physiological pH was tested using a reported method ([@b0160]). Freeze dried micelles of mPEG-b-PDL and mPEG-b-PCL containing curcumin equivalent to 100 µg, were redispersed in 2 mL of PBS (pH 7.4) and incubated at 37 °C. For the preparation of control samples, free curcumin (100 µg) was dissolved in 2 mL of phosphate buffer saline (PBS) using methanol as co-solvent and incubated at 37 °C in a closed container. At predetermined time intervals, 100 µL of the sample was withdrawn and diluted with acetone up to 1 mL. The amount of remaining curcumin was then determined using a fluorescence spectrophotometer.

The release profile of curcumin from micelles was determined by a dialysis m ethod ([@b0160]). Briefly, a calculated quantity of curcumin-loaded freeze dried micelles equivalent to 350 µg of curcumin was dissolved in PBS (2 mL) (pH-7.4). The micellar solution in PBS was then placed in dialysis tubing (Float-A-Lyzer) having the molecular weight cut off (mwco) of 3.5--5 kDa. The samples were dialysed against 500 mL of PBS (pH 7.4) at 37 °C. The release media was replaced with fresh PBS in every 24 h. The volume of solution in the dialysis tubing was measured at appropriate time intervals (\~6 h), and restored to the original with PBS, if necessary. Samples (100 µL) were withdrawn directly from the dialysis tubing at predetermined time intervals and the volume of solution in the dialysis tubing was restored with fresh solvent. Samples were analysed after diluting with acetone using a fluorescence spectrophotometer to calculate the amount of curcumin remaining in the micelles.

### 2.2.4. Toxicity studies of novel poly(decalactone) micelles {#s0040}

Blank micelles solution (mPEG-b-PDL) of different concentration were used in all toxicity studies.

#### 2.2.4.1. Ex vivo haemolytic study {#s0045}

The haemolytic study was performed using reported procedure with slight modifications ([@b0060]). Briefly, human blood (5 mL) was drawn from an anonymous donor directly into Na~2~-EDTA-coated tube to prevent coagulation. Collected blood was than centrifuge at 500*g* for 5 min to separate plasma and red blood cells (RBCs), and plasma (yellowish, upper layer) was discarded. Separated RBCs was than washed twice with 150 mM NaCl solution followed by one wash with phosphate buffer saline (PBS, pH -- 7.4). RBCs were than diluted up to 5 times with PBS (pH -- 7.4) to make stock suspension.

Micelles (50 mg/mL) prepared in PBS were further diluted to make 25, 12.5, 1.25 and 0.625 mg/mL concentration with PBS. For haemolysis assay, 800 μl of each dilution of micelles (i.e. 50, 25, 12.5, 1.25 and 0.625 mg/mL) was make up to 1 mL by adding 200 μl RBCs stock suspension. Therefore, the stocks of 50, 25, 12.5, 1.25 and 0.625 mg/mL, resulting in final test concentrations of 40, 20, 10, 1 and 0.5 mg/mL of micelles, respectively. Positive control tubes was prepared by adding 800 μl of 1.25% solution of triton X-100 in 200 μl RBCs whereas for negative control tubes, 800 μl of PBS was added. Tubes were prepared in two batches (n = 3) and incubated at 37 °C for 1 h and 24 h separately with occasional shaking. After incubation, tubes were centrifuge for 5 min at 500*g* to pellet undamaged RBCs. The supernatant from each tube was than analysed on UV--Vis spectroscopy to measure the absorbance of released haemoglobin (λ~max~ -- 542 nm). The percentage haemolysis was calculated using formula below:$$\%\mspace{6mu}\text{Haemolysis} = \frac{\text{Abs\ of\ sample} - \text{Abs\ of\ negative\ control}}{\text{Abs\ of\ positive\ control} - \text{Abs\ of\ negative\ control}}$$

#### 2.2.4.2. *In vivo* toxicity study {#s0050}

Six-to-seven weeks old Albino rats were divided in four groups (n = 6) in which one is control group (group-A) while rest were treated groups (group-B, C, D). The study protocol was duly approved by Institutional Animal Ethical Committee (IAEC) and experiments were performed according to the guidelines of "Committee for the Purpose of Control and Supervision of Experiments on Animals" (CPCSEA), India (approval number -- GLAIPR/CPCSEA/IAEC/2016/PhD/R2). Animals were housed at 23 ± 2 °C with a 12 h day/night cycle, food and water was supplied everyday ad libitum.

Three different concentrations of blank micelles , i.e. 100, 200 and 400 mg/kg were administered intra-peritoneally (IP) to group "B", "C" and "D" respectively while Milli-Q water was injected to group "A" animals for seven days. Body weight of animals was measured for comparison purpose before injecting micellar solution/Milli-Q water on each day to determine preliminary toxicity. A loss of body weight by ≥2 g in three or more rats in a group would be considered as the origination of toxicity ([@b0050]).(a)Heamatological-Biochemical Analysis

On 8th day, blood samples from each group were collected and divided in two parts for pathological analysis. Pathological test has been carried out to determine the serum level of aspartate transaminase (AST or SGOT), alanine transaminase (ALT or SGPT), urea, bilirubin and creatinine. Further, evaluation of heamatological parameters consisting haemoglobin, white blood cells, neutrophils, lymphocytes, eosinophils, haematocrit, monocytes, basophils, red blood cell count, platelets have been done.(b)Histo-Pathological Analysis

In this analysis, liver, heart, spleen, lungs and kidneys of the animals were removed surgically, washed and transferred in 10% neutral buffered formalin and left for 48 h at room temperature. Tissue sections were then prepared after dehydration and embedding the samples in paraffin. The sections were then stain with haematoxylin and eosin (H&E) and processed for histo-pathological examination under optical microscope fitted with camera. The brief procedure of dehydration and embedding is as follow:

[Dehydration of tissue pieces]{.ul}: Tissues pieces were removed from 10% formalin solution and place in absolute alcohol for dehydration. Three changes were given in absolute alcohol each for 15 min.

[Preparation of tissues for embedding]{.ul}: After three changes in absolute alcohol, pieces were transferred in xylene. Three changes of xylene were given each for 20 min.

[Paraffin infiltration and embedding]{.ul}: The paraffin wax was melted by heating up to 62 ± 2 °C and kept in molten state in pan. The tissues were then transferred directly in molten wax in the first infiltration pan for 45 min at 62 ± 2 °C in an oven. After the first embedding, tissue pieces were removed and placed in second infiltration pan having molten wax and kept at controlled temperature for 45 min.

[Block preparation]{.ul}: Molten wax was poured in the mould up to 4/5th of total height. The tissues were then removed from the infiltration, placed gently to the mould, and topped up with wax. It was allowed to stand at room temperature till solidified. The wax block was than separated, cut, and trimmed to remove excess wax.

[Microtomy]{.ul}: The block was then cut into ribbon like sections with the help of microtome. The ribbon sections were transferred to a slide on which a fixative (Egg albumin solution) had been applied.

[Staining of slide]{.ul}: The section on slide was de-waxed with xylol. Staining was done using haematoxylin and eosin (H&E). The sections were mounted with Canada balsam on the slides carefully with cover slip.

### 2.2.5. Statistical analysis {#s0055}

Data were represented as mean ± standard deviation (SD). Statistical analysis was conducted by one-way ANOVA with Tukey's multiple comparisons test using P \< .05 as a statistical significance threshold.

3. Results {#s0060}
==========

3.1. Preparation and characterisation of curcumin loaded micelles {#s0065}
-----------------------------------------------------------------

Micelles of poly(decalactone) and poly(caprolactone) block copolymers were prepared by nano-precipitation method, in which self-assembly of copolymers generates core-shell structures in aqueous solvent. Curcumin loading experiments was performed in Milli-Q water due to the poor stability of curcumin in alkaline conditions ([@b0175]). Curcumin was expected to encapsulate in the polymeric micelle cores via hydrophobic interactions during the process of self-assembly.

Any non-encapsulated curcumin was separated from the micelles by passing through a PD10 desalting (Sephadex) column or by filtration using syringe filter (0.22 µ). However, loss of curcumin loaded micelles was observed with Sephadex column purification method and therefore, subsequent purifications of micelles was performed by filtration only, which also provide sterility to the formulations. Post purification, cloudy appearance of PDL-b-PEG-b-PDL micelles solution advised the presence of clusters in this formulation ([Fig. 3](#f0015){ref-type="fig"}). The estimated size of micelles by DLS and TEM are presented in [Table 1](#t0005){ref-type="table"}, [Fig. 4](#f0020){ref-type="fig"}.Fig. 3Appearance of blank and curcumin loaded purified polymeric micelles solution.Fig. 4Size distribution curve by volume determined by DLS, TEM images and size distribution histogram from TEM images (analysed using ImageJ software) of curcumin-loaded micelles. Arrows in TEM images represents the presence of clusters in PDL-b-PEG-b-PDL micelles sample. TEM images were acquired without staining the samples. Scale bar -- 200 nm.Table 1Characterization data of polymeric micelles prepared from block copolymers of poly(decalactone) and poly(caprolactone) (CMC -- critical micelles concentration, d/nm -- diameter in nanometer, SD- Standard deviation, PdI -- polydispersity index, mv -- millivolt). ^\*^CMC, size, zeta potential and molecular weight data were reproduced from previously reported results ([@b0030]).SampleCMC^\*^ (µg/mL)Z-average size (d/nm) (±SD) (Blank)^\*^PdI (Blank)^\*^Zeta potential (mV) (±SD)^\*^Z-average size (d/nm) (±SD) ( loaded)PdI (loaded)Zeta potential (mv) (±SD) ( loaded)PDL~3K~-b-PEG~4K~-b-PDL~3K~1.50163 ± 70.26 ± 0.03−6.8 ± 2.6123 ± 70.28 ± 0.03−7.3 ± 0.9mPEG~5K~-b-PDL~6K~1.3334 ± 40.12 ± 0.02−3.1 ± 0.840 ± 30.14 ± 0.02−2.8 ± 1.2mPEG~5K~-b-PDL~6K~-b-PPDL~1.5K~1.1985 ± 50.28 ± 0.01−2.5 ± 0.8101 ± 90.28 ± 0.02−3.2 ± 1.8mPEG~5K~-b-PCL~5.5K~3.3436 ± 30.14 ± 0.02−1.2 ± 1.240 ± 20.12 ± 0.020.1 ± 1.3

The Z-average size observed for mPEG-b-PCL and mPEG-b-PDL micelles was almost identical while mPEG-b-PDL-b-PPDL and PDL-b-PEG-b-PDL copolymers produces micelles of larger size (∼100 nm). However, analysis of volume distribution curve generated by DLS suggested that majority of block copolymer micelles were fall in the size range of 20--40 nm. Later, TEM images of samples suggested that the micelles are of roughly spherical in shape and majority of micelles fall in the size range of 20--40 nm ([Fig. 4](#f0020){ref-type="fig"}). Presence of clusters has been observed in PDL-b-PEG-b-PDL copolymer micelles as evident by size distribution curve acquired from DLS and by TEM image. Micelles obtained from mPEG-b-PDL-b-PPDL copolymers are slightly larger compared to the micelles generated from rest of the block copolymers. A slight surge in the Z-average sizes of the micelles were observed after curcumin loading when compared to the empty micelles except with PDL-b-PEG-b-PDL ([Table 1](#t0005){ref-type="table"}). The increase in the size of the micelles after curcumin loading has also been reported previously ([@b0090], [@b0160], [@b0195]).

The sizes observed for mixed micelles by DLS were almost identical to the sizes observed for mPEG-b-PDL and mPEG-b-PCL micelles (not shown). The surface charge observed for curcumin loaded micelles showed non-significant difference compared to blank micelles ([Table 1](#t0005){ref-type="table"}).

The curcumin content and encapsulation efficiency observed in amphiphilic block copolymers micelles are shown in [Fig. 5](#f0025){ref-type="fig"}. The micelles fabricated from mPEG-b-PCL copolymer demonstrated the drug content of 4.0 ± 0.4 wt%, with an encapsulation efficiency of 80.3 ± 8.9%. However, content found for mPEG-b-PDL micelles was 3.3 ± 0.5 wt%. Curcumin content in PDL-b-PEG-b-PDL micelles was found to be least (2.1 ± 0.1 wt%) when compared with other studied polymeric micelles. The micelles prepared from mPEG-b-PDL-b-PPDL copolymer showed a drug content of 2.6 ± 0.1 wt%. Curcumin content observed in mixed micelles of mPEG-b-PDL and mPEG-b-PCL (1:1) was 3.6 ± 0.4 wt%, which lies between the curcumin content observed for individual copolymers.Fig. 5Curcumin content (DC wt%) and encapsulation efficiency (EE%) in different block copolymer micelles. Dots represent separate individual values and bar represents the mean value (n = 3).

The loading percentages were further compared using one-way ANOVA with Tukey's correction for multiple comparisons. Using P \< .05 as a statistical significance threshold, only PDL-b-PEG-b-PDL micelles loading content showed significant differences when compared to the other formulations. The rest formulations did not significantly differ in their drug content. Encapsulation efficiency followed the similar pattern as loading content except for mPEG-b-PDL-b-PPDL micelles because of the loss of significant amount of loaded polymeric micelles during purification by filtration.

3.2. Curcumin stability study {#s0070}
-----------------------------

It has been reported that curcumin undergoes hydrolytic degradation at alkaline pH ([@b0235]). Hence, evaluation of the degradation rate of encapsulated curcumin is an important evaluation parameter to assess the ability of micelles as protectant. mPEG-b-PDL copolymer micelles demonstrated better results compared to other PDL block copolymers in terms of size and loading, and therefore was selected for the curcumin stability study. The stabilities of free curcumin and curcumin loaded in micelles were tested for 10 h in phosphate buffer saline (PBS, pH -- 7.4). After 2 h, free curcumin was degraded/ hydrolysed completely whereas only 3% of degradation was observed in encapsulated curcumin ([Fig. 6](#f0030){ref-type="fig"}). After 10 h, curcumin in PDL micelles showed 11% of degradation while PCL micelles were able to protect 91% of drug from degradation (9% of degradation). Thus, the ability of mPEG-b-PDL micelles to protect curcumin from degradation in PBS was found to be identical with their counterpart mPEG-b-PCL micelles.Fig. 6Plot representing the percentage of curcumin remains in the different environment with respect to time incubated in PBS (pH-7.4) at 37 °C.

3.3. *In vitro* release behaviour of curcumin from block copolymers micelles {#s0075}
----------------------------------------------------------------------------

A controlled release pattern from a polymeric system is desirable to justify its potential as a drug delivery carrier ([@b0225]). Curcumin showed rapid degradation in the chosen release medium i.e. PBS and therefore samples were collected directly from the dialysis tube to avoid any error due to its degradation ([@b0160]). The release patterns of curcumin from the different amphiphilic block copolymers micelles are presented in [Fig. 7](#f0035){ref-type="fig"}.Fig. 7*In vitro* release pattern of curcumin from different block copolymer micelles and zoomed graph showing the release pattern observed in first 24 h (inset) using PBS as release media at 37 °C.

Initial burst release of curcumin was observed in all samples where 43% release was observed with mPEG-b-PDL-b-PPDL micelles and 19% release was noticed with mPEG-b-PCL micelles in first 9 h. After 175 h, more than 95% of curcumin was released from mPEG-b-PDL, mPEG-b-PCL and mPEG-b-PDL + mPEG-b-PCL mixed micelles however, mPEG-b-PDL-b-PPDL micelles showed 83% release. Micelles of PDL-b-PEG-b-PDL copolymer displayed rapid release (96% after 125 h) whereas, slowest release pattern was observed with mPEG-b-PDL-b-PPDL micelles (76% after 125 h). In conclusion, faster release was observed with micelles containing PDL core compared to PCL or PPDL core. The rapid release from the mPEG-b-PDL could be beneficial over those drug delivery carriers where incomplete release of drug(s) was observed ([@b0190]).

3.4. Toxicity studies of block copolymers micelles of poly(decalactone) {#s0080}
-----------------------------------------------------------------------

Since the performance of mPEG-b-PDL copolymer micelles is almost identical to mPEG-b-PCL micelles, this copolymer micelles have been further investigated for it's toxicity. Heamolytic study was performed to evaluate the extent of RBCs lysis potentially caused by mPEG-b-PDL copolymer micelles upon injection ([@b0005]). The mPEG-b-PDL micelles were tested for their heamolysis capacity up to the concentration of 40 mg/mL in static condition. Visual inspection of incubated tubes after centrifugation provided a preliminary idea of RBCs lysis. As shown in [Fig. 8](#f0040){ref-type="fig"}, absence of red color observed in supernatant (except from positive control where all cells are deliberately lysed using surfactant) after 1 h of incubation ([Fig. 8A-3](#f0015){ref-type="fig"}) proposed minimum or negligible heamolysis whereas significant amount of lysis was observed after 24 h of incubation in the sample containing 40 mg/mL micelles ([Fig. 8B-3](#f0015){ref-type="fig"}). The RBCs image also confirmed the presence of few ruptured cells in this sample ([Fig. 8](#f0040){ref-type="fig"}-D).Fig. 8Appearance of tubes incubated for (A) 1 h, (B) 24 h after centrifugation and the images of red blood cells treated with 40 mg/mL micelles for (C) 1 h, (D) 24 h at 37 °C. Number 1, 2 and 3 represents positive control sample, negative control sample and sample treated with 40 mg/mL micelles respectively and white arrows represents ruptured cells present in sample.

Quantitative estimation by UV--Vis suggested 0.49 ± 0.01, 0.57 ± 0.15, 2.85 ± 0.46, 5.46 ± 0.47, 7.58 ± 0.94 percentage heamolysis after 1 h whereas 1.08 ± 0.03, 2.61 ± 0.72, 7.02 ± 1.33, 22.81 ± 1.25, 39.90 ± 2.14 percentage heamolysis was observed after 24 h for 0.5, 1.0, 10, 20 and 40 mg/mL concentration micelles respectively. The results suggested that micelles up to 40 mg/mL as drug delivery vehicle are less-heamolytic after 1 h incubation whereas, concentration and time dependent heamolysis was observed after 24 h incubation ([Fig. 9](#f0045){ref-type="fig"}).Fig. 9(A) The UV--Vis graph of heamoglobin present in the supernatant layer of samples incubated for 24 h and (B) the percentage heamolysis observed with different concentration of micelles incubated for 1 h and 24 h at 37 °C.

Further, *in vivo* toxicity of mPEG-b-PDL micelles have been assessed by comparing the haematological and biochemical parameters of untreated (control) and treated rats. Additionally, histopathological changes, if any, in major organs were also assessed to determine the harmful effect caused by micelles.

Animals have treated with mPEG-b-PDL micellar solution for six days up to the concentration of 400 mg/kg. Multiple IP doses of micelles up to 400 mg/kg concentration in rats did not produce any mortality during the study duration. Further, no significant reduction in weight (i.e. ≥2 g) has been observed in rats post injections.

Haematology study results reveals no statistically significant changes in blood parameters in treated group animals compared to control group animals. The results obtained from the blood samples collected from group "D" animals (400 mg/kg dose) are presented in [Fig. 10](#f0050){ref-type="fig"}, [Fig. 11](#f0055){ref-type="fig"}. In addition, values of biochemical parameters of liver and kidneys functions suggested that micellar solution did not elicit any toxic effect up to the tested concentration in rats ([Fig. 11](#f0055){ref-type="fig"}).Fig. 10Comparison of various heamatological parameters obtained from control and treated rats (dose -- 400 mg/kg). The data has been analysed by graphpad prism and no statistically significant difference has been found between the estimated values (P \> .05, n = 6).Fig. 11Comparison of various biochemical parameters obtained from control and treated rats (dose -- 400 mg/kg). The data has been analysed by graphpad prism and no statistically significant difference has been found between the estimated values (P \> .05, n = 6).

Furthermore, to examine the toxic effect of micelles on specific organs, histopathological changes in heart, lung, liver, kidney and spleen were observed by light microscope. The tissue images of treated organs did not showed any abnormalities/inflammation compared to the control organs tissue images ([Fig. 12](#f0060){ref-type="fig"}).Fig. 12Histological evaluation of major organs of the rat treated with mPEG-b-PDL micelles (400 mg/kg, IP). No abnormalities/inflammation were observed in the tissue images compared to control group. Images were taken at 10X magnification with haematoxylin and eosin staining.

Additionally, comprehensive investigation of pictures of treated liver tissues revealed absence of activated Kupffer cells, sinusoidal dilatation and cytoplasmic vacuolation, which advised absence of any toxic reaction caused by micelles. Similarly, non-existence of granular cast, cellular cast and protein cast in kidney tissue images suggesting non-toxic nature of micelles up to the tested concentration ([@b0200]). Likewise, no apparent histopathologic changes such as cells necrosis, inflammation were observed in images of heart, lung and spleen of treated group compared to control group ([@b0055], [@b0155]).

4. Discussion {#s0085}
=============

In the presented study, novel block copolymers of PDL has been investigated for the improved delivery of curcumin and the results were compared with PCL block copolymer. Poly(decalactone) block copolymers with different orientation like AB (mPEG-b-PDL), ABA (PDL-b-PEG-b-PDL) and ABC (mPEG-b-PDL-b-PPDL) type have been evaluated at one platform to determine the effect of polymer structure on particle size, drug loading and release. The micelles were prepared by nanoprecipitation method due the disadvantages associated with other commonly used techniques. For instance, with the solvent evaporation (film method) method, incomplete reconstitution of the polymeric film was observed in aqueous solvent resulting in polymer loss and consequently decreases the micelles efficiency ([@b9000]). Emulsion method for micelle preparation was not preferred due to the requirement of toxic solvents such as dichloromethane and chloroform ([@b9000], [@b0175]). In the dialysis method, use of organic solvent in dialysis bag is required. However, solvents other than DMSO is not recommended for use with the regenerated cellulose membrane and none of the solvents (such as DMF, DMSO) is recommended with the cellulose membrane ([@b9010], [@b9015]) as this could damage the membrane causing undesired loss of micelles in the release medium. Additionally, good solubility of copolymer and drug is desirable in the above mentioned solvent. Further, large-scale preparation of micelles using dialysis method seems not feasible.

The un-encapsulated drug was removed in subsequent purification steps to avoid false results. It was found that the purification by filtration was better than PD10 column method in this study. Incomplete recovery of drug-loaded micelles was observed with column purification and thus avoided to achieve the high yield. The micelles produced by nano-precipitation using mPEG-b-PDL and mPEG-b-PCL copolymers are of comparable size. This could be due to the similar hydrophobic to hydrophilic ratio and same orientation (AB type, di-block) of both copolymer. However, as expected, triblock copolymers produced larger size micelles. ABA type block copolymer showed cluster formation whereas ABC copolymer produced larger size micelles due to its poor solubility in acetone ([@b0030]). Therefore, mPEG-b-PDL-b-PPDL copolymer is not a good candidate to fabricate micelles using nanoprecipitation method with acetone as a solvent. The insignificant change in zeta potential of micelles after curcumin loading suggested that the curcumin was located in the micellar core, shielded by the PEG corona.

Curcumin loading in PDL block copolymers was found to be less compared with PCL block copolymer. It has been reported that the ability of a hydrophobic core to encapsulate a drug is mainly depends upon its compatibility with the drug molecule ([@b0130], [@b0150]). Therefore, it was assumed that curcumin could be less compatible with PDL polymer and thus micelles with PDL core forming block demonstrated low loading compared to micelles with PCL core. However, low loading with PDL micelles may not be observe with all drugs since, recent studies suggested that amorphous core could produce formulations with high drug payload ([@b0085], [@b0100]).

Curcumin content observed with mPEG-b-PCL micelles in this study was significantly less when compared with previously reported results. The variation in the results might have been due to the different parameters used for loading in the individual studies. Encapsulation procedure, drug to polymer ratio, molecular weight of polymer, solvent used etc. could significantly influence the loading content ([@b0065], [@b0080], [@b0085], [@b0160], [@b0170]) and hence these parameters can be tailored to achieve the maximum drug loading. The objective in current study was to compare the loading results obtained from novel and well established block copolymers using identical parameters. Thus, the optimisation of the formulation parameters was not performed in this work but could be considered in future studies.

Curcumin loading observed with the mixed micelles suggested that mixing of the novel renewable copolymer (mPEG-b-PDL) with a copolymer synthesised from non-renewable feedstock (such as mPEG-b-PCL) could provide similar drug loading when compared to the results obtained from single block copolymer. Thus, the mixed micelle approach might be useful to reduce the amount of non-renewable copolymer(s) in final formulation.

In curcumin stability study, the degradation rate of curcumin encapsulated in mPEG-b-PDL micelles was found to be slower compared to the free drug. This result suggests that the curcumin was located inside the highly hydrophobic PDL core. Due to this reason, the direct contact of curcumin with PBS was hampered and thus; the degradation rate was reduced. The mPEG-b-PDL micelle's ability to protect the degradation of curcumin was also found to be similar to the mPEG-b-PCL micelles.

In the release experiment, burst release was observed from all micelle formulations, which could be attributed to the presence of drug on the exterior part (surface) of the hydrophobic block. The initial burst release of curcumin from polymeric micelles was also reported earlier in which 30--40% of drug was released within 10 h ([@b0040], [@b0195], [@b0260]). On the basis of the release results, it can be proposed that the mechanism responsible for the release of curcumin from the studied micelles is mainly diffusion. It has been reported that polymers with low *T~m~*, *T~g~* value and low crystallinity release their loaded content rapidly ([@b0110], [@b0185]) and therefore, the drug permeated faster from the amorphous PDL core compared to semicrystalline (PCL) or crystalline (PPDL) core polymeric micelles ([@b0210]). A similar release pattern has been reported with PLGA nano carriers where increase in the composition of ~D,\ L~-PLA (amorphous polymer) increased the release rate of loaded drug ([@b0095], [@b0180]).

Delayed release observed from mPEG-b-PDL-b-PPDL micelles was most likely due to the restricted diffusion of drug from the more crystalline poly(pentadecalactone) core ([@b0140], [@b0145]). Similar results were reported earlier with poly(propylene succinate-co-caprolactone) copolymer nanoparticles where mixing of crystalline polymer with amorphous polymer decreased the release rate compared to the release observed from the amorphous polymer alone ([@b0185]). The release rate observed for mPEG-b-PCL micelles in this study was more sustained than previously reported release pattern for mPEG-b-PCL micelles of similar molecular weight ([@b0160]). This difference in release pattern can be attributed to the concentration of curcumin, sample withdrawal method and release media used for the study. It was reported that when higher drug concentration was used for the release study, a more sustained release pattern was observed ([@b0125], [@b0205]). Additionally, the release pattern could be different in the different release media, based on the partition coefficient of the drug at different pH.

In the previous report, we have demonstrated the comparable toxicity profile of mPEG-b-PDL micelles with mPEG-b-PCL micelles *in vitro* ([@b0030]). Therefore, in the current study, we further evaluated mPEG-b-PDL micelles to assess their toxicity *ex vivo* and *in vivo*. Heamolysis assay results suggested that the tested concentration of mPEG-b-PDL micelles are non-heamolytic after 1 h incubation (heamolysis ≤10%). However, after 24 h incubation, concentration above 10 mg/mL was appeared to be heamolytic ([@b0005]). Although, in dynamic condition i.e. inside the human body, the concentration of mPEG-b-PDL micelles interacting with RBCs would probably not reach above 10 mg/mL due to the dilution with approximately 5 l of blood. Therefore, it can be proposed that the drug delivery via injectable route using this novel carrier system could be harmless. The preliminary *in vivo* toxicity studies was performed *via* IP route based on previous published literature and the limitations of the IV route in repeated-dose administration ([@b0035], [@b0045], [@b0115]). The results suggested that IP dose of mPEG-b-PDL micelles up to the concentration of 400 mg/kg was well tolerated by tested animals without producing any noticeable adverse effects. These initial toxicity results on mPEG-b-PDL micelles have paved the way for future investigations in generation of broader toxicity profile for human use.

5. Conclusion {#s0090}
=============

The block copolymer micelles of renewable poly(decalactone) with different orientation was evaluated for their drug delivery capability and results were compared with its non-renewable counterpart mPEG-b-PCL micelles. Based on the sizes observed for different copolymers, it can be assumed that polymer orientation (di or tri block) does make difference on micelles assembly. The drug loading results suggested that curcumin could be less compatible with PDL block compared to PCL block and thus showed a lesser amount of loading in triblock PDL micelles. Release experiment demonstrated that the drug released more quickly from amorphous PDL block compared to semicrystalline (PCL) or crystalline block (PPDL). However, based on the results, it could be proposed that the performance of novel mPEG-b-PDL micelles as a carrier was almost equivalent to the mPEG-b-PCL micelles. Further, *ex vivo* and *in vivo* toxicity results suggested the low toxicity profile of novel mPEG-b-PDL micelles. Thus, this study results suggested that mPEG-b-PDL copolymer could act as a renewable alternative for mPEG-b-PCL copolymer in drug delivery applications.
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